The association between low-charge-density polyelectrolytes adsorbed onto negatively charged surfaces (mica and silica) and an anionic surfactant, sodium dodecyl sulfate (SDS), has been investigated using surface force measurements, ellipsometry, and XPS. All three techniques show that the polyelectrolyte desorbs when the SDS concentration is high enough. The XPS study indicates that desorption starts at a SDS concentration of ca. 0.1 unit of cmc (8 × 10 −4 M) and that the desorption proceeds progressively as the SDS concentration is increased. Surface force measurements show that for the polyelectrolyte studied here, having 1% of the segments charged, the desorption proceeds without any swelling of the adsorbed layer. This behavior differs from that observed when polyelectrolytes of greater charge density are used. C 2001 Academic Press
INTRODUCTION
In many applications, typical formulations involve particles with adsorbed polymers on their surfaces. The state of dispersion/flocculation of such particles in aqueous media is controlled not only by the properties of the adsorbed species but by the condition of the continuous phase, which is mainly affected by the ionic strength and its composition. It is often found that, as a functional component, surfactants are present in or added to the dispersion, and therefore the interactions between polymercovered particles and surfactants are of great technological importance. Hence, it is not surprising that the interaction between polymers and surfactants in aqueous media has been the subject of many studies, as demonstrated by the large number of papers published in this area (see (1) for an account on the subject).
The importance of electrostatic and hydrophobic forces for polymer-surfactant association in bulk solution has been demonstrated in many of these reports (e.g., Refs. (2) (3) (4) (5) (6) (7) (8) ). On the other hand, the interaction of charged or uncharged polymers with surfactants at the solid/liquid interface, in contrast to the case of bulk solution, has only been addressed in a few studies (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . 1 To whom correspondence should be addressed. This is unfortunate since a number of phenomena take place at solid/liquid interfaces in the presence of polymers and surfactants (e.g., in solid dispersions, detergency, etc.), and it is evident that more theoretical and experimental work is needed in this field.
The study of the interactions of adsorbed polymers and surfactants at the solid/liquid interface can involve two situations, both which are of practical relevance. The first situation arises when both components (polymer and surfactant) are present in the bulk solution. In this case the main interest is to elucidate the surfactant effect on the adsorption process (concurrent adsorption) (19, (22) (23) (24) (25) (26) . These systems have also become important in, for example, the construction of elaborate nanostructures comprising multiple associating molecules (27) .
The second situation deals with the addition of a surfactant, in a polymer-free solution, after the polymer has been adsorbed (a preadsorbed layer). Displacement of adsorbed polymers by surfactant wash in cosmetic formulations and many other processes (e.g., water treatment, textile applications, and mineral processing, etc.) exemplifies this case.
The understanding of polymer-surfactant interactions in the bulk solution is a logical prerequisite for a better comprehension of the interactions that take place for similar systems but in the presence of an interface. In the case of polyelectrolytes and surfactants with opposite charge, it is known that electrostatic effects drive the initial association between the two components (between surfactant headgroups and polyelectrolyte segments). At higher surfactant concentrations, hydrophobic interactions (between surfactant tails as well as between the tails and hydrophobic groups of the polyelectrolyte) become important as a highly cooperative association process develops. The surfactant concentration at which this association occurs, known as the critical association concentration (cac), is found to be much lower than the surfactant critical micelle concentration (cmc) (5, 28, 29) . This association is best viewed as a polymer-induced micellization at a lower concentration than the regular cmc (30) .
The association between polyelectrolyte and surfactant is favored by an efficient neutralization of charges-the polyelectrolyte acts as an effective counterion to surfactant aggregates. The loss of entropy upon polyelectrolyte-surfactant association is much less than the corresponding loss of entropy involved in the neutralization of charges by small counterions around the surfactant micelles. In addition, small counterions to the polyelectrolyte are released during the association. All these factors make the polyelectrolyte-surfactant association entropically favorable compared to the formation of ordinary micelles, and this explains the lower value of cac compared with the respective cmc (5, 6) .
The existence of a surface adds to the number of variables that affect the association between surfactant and polyelectrolyte. In the case of polyelectrolytes of opposite charge to both surface and surfactant, it has been observed that polyelectrolytesurfactant association at the solid/liquid interface takes place at a surfactant concentration between the cac (as defined above) and the cmc (18) . Thus, a distinction must be made between the cac in the bulk solution and the cac at the solid/liquid interface. The higher cac at the interface has been explained by the fact that the surfactant molecules have to compete with surface adsorption sites in order to be able to associate with polyelectrolyte segments (17) , among other explanations.
The addition of nonionic surfactants to preadsorbed Quatrisoft (a weakly cationic derivative of cellulose) on mica has been investigated using the surface force apparatus (9) . In this study it was concluded that the nonionic surfactant induced a marked increase in repulsive steric forces. This phenomenon was attributed to the presence of bulky complexes formed by the association between the hydrophobic portions of the surfactant and the polymer. Ellipsometry and surface force techniques were also used to study the effect of sodium n-dodecyl sulfate (SDS) on the adsorbed layer of the same polyelectrolyte (Quatrisoft) on mica and silica (11) . In agreement with the report of Argillier et al. (9) , it was found that the binding of the surfactant to the polymer produced a swelling of the adsorbed layer as inferred from the increase in both the ellipsometric thickness and the repulsive forces (from surface force measurements).
Swelling was also observed for high-charge-density polyelectrolytes. The interaction between negatively charged surfaces (mica) coated with the highly charged cationic polyelectrolyte poly([2-(propionyloxy)ethyl]trimethylammonium chloride) (or poly(CMA)) revealed that addition of SDS to the solution (at a concentration at or above the cac at the interface) produced dramatic changes in the interaction forces. These changes were manifested as a swelling of the adsorbed layer, and oscillations in the force-distance profile arose as a consequence of the organized internal structure of the mixed polyelectrolyte-surfactant layer (17, 22) .
Intermediate charge density polyelectrolytes have also been investigated (18, 20, 21, 31) . Anthony et al. (31) studied the association between cationic guar and SDS. They precoated mica surfaces with such polyelectrolytes, with molecular weight 2.3 × 10 6 g/mol and charge densities varying between 4 and 30%, and determined the interactions across water and aqueous SDS solutions. In absence of surfactant they found that the range of the steric force was very large, in most cases up to 900 nm, and decreased with increasing charge density of the guar. Addition of SDS resulted in a collapse of the very extended layer and, presumably, some desorption at high SDS concentrations. The results obtained by Anthony et al. were found to correlate well with the bulk behavior, displaying a phase-separation region at intermediate SDS concentrations.
An interesting observation is that addition of SDS causes a swelling of adsorbed layers of cationic polyacrylamide (10 and 30% charge density) (18, 20, 21) , whereas a deswelling is observed for cationic guar with similar charge density. It is suggested that the key difference is that the layer formed by the cationic guar initially is very extended whereas the layers built by the other polyelectrolytes are thin and compact. This, in turn, must be attributed to the architecture of the polyelectrolyte with intrinsic chain stiffness and possible branching as important parameters. Finally, we note that for the hydrophobically modified polyelectrolyte 40 DT, surfactants are incorporated into the adsorbed layer at very low surfactant concentrations and the concept of a critical association concentration is inappropriate at the surface as well as in bulk solution.
Regardless of the polyelectrolyte charge density, the association (for surfactant concentrations above the cac) is described as a highly cooperative process that produces an expansion of the adsorbed layer and of the associated long-range repulsion forces. Oscillating forces have been reported only for the most highly charged polyelectrolyte.
Association of protein macromolecules (lysozyme) with SDS at the solid/liquid interface has also been investigated. The addition of SDS to preadsorbed protein (on mica) results first in the charging of the system (which was neutral before surfactant addition), and at higher SDS concentrations in denaturation and desorption of the protein (32) . In reported cases of synthetic cationic polyacrylamides (of 10, 30 and 100% charge density) the net surface charge is close to neutral after polyelectrolyte adsorption, and the addition of anionic surfactant (SDS) affects the adsorbed layer in a (qualitatively) similar way, as described above.
In this study we consider the effect of SDS on preadsorbed polyelectrolytes with a low linear charge density (1% of the segments carrying a positive charge). The polyelectrolyte is preadsorbed on oppositely charged surfaces (mica and silica). We report results for the adsorbed amount, layer thickness, and interaction forces as monitored by X-ray photoelectron spectroscopy (XPS), ellipsometry, and surface force techniques.
EXPERIMENTAL

Materials
The polyelectrolyte used in this investigation was a random copolymer of uncharged acrylamide (AM) and positively charged [3-(2-methylpropionamido)propyl]trimethylammonium chloride (MAPTAC) (see Fig. 1 ). It was synthesized by radical copolymerization and was kindly provided by the Laboratoire de Physico-Chimie Macromoleculaire (Paris). The reported cationicity or charge density (percentage molar ratio of cationic monomers, τ ) was 1%, and the molecular weight (from intrinsic viscosity measurements) was ca. 900,000 g/mol (corresponding to a degree of polymerization of 12,200). For simplicity, the polyelectrolyte will be referred to as "AM-MAPTAC-1," where the suffix "1" denotes the percentage charge density of the copolymer.
In X-ray photoelectron spectroscopy and surface force measurements muscovite mica from Reliance Co. (New York) was used as the substrate. Commercially available sodium n-dodecyl sulfate from BDH Ltd. was purified to remove highly surface active impurities. The purification consisted of four successive crystallizations with intermediate ethanol and water washings and final freeze-drying. The purity of the surfactant was checked by using surface tension measurements to discern the absence of a minimum in the surface tension isotherm at the critical micelle concentration (cmc). All the SDS solutions were freshly prepared before any experiment. Potassium bromide (Merck, pro-analysis grade) was roasted for 24 h at 500
• C before its use to remove organic contaminants. Water used in all experiments was first purified by a reverse osmosis unit (Milli-RO 10 Plus), which included depth filtration, carbon adsorption, and decalcination. A Milli-Q Plus 185 unit was then used to treat the water with UV light and with a Q-PAK unit consisting of an activated carbon column, a mixed-bed ion exchanger, and an Organex cartridge with a final 0.22-µm Millipack 40 filter.
Methods
The turbidity of polyelectrolyte-surfactant solutions was measured using a 20 mg/L polyelectrolyte solution containing 0.1 mM KBr and various amounts of SDS, by employing a HACH ratio turbidimeter. The concentration of SDS was not increased in a stepwise manner in a test tube, but a separate sample was prepared for each SDS concentration. The turbidity of each sample was measured before, T 1 and after adding the polyelectrolyte, T 2 . The results are plotted as the turbidity difference, T = T 2 − T 1 , between the polyelectrolyte-surfactant mixture and the corresponding polyelectrolyte-free SDS solution as a function of total (bound and free) SDS concentration. The turbidity of the 20 mg/L polyelectrolyte solution is similar to that of water.
The amount of polyelectrolyte adsorbed on mica surfaces was determined with an X-ray photoelectron spectrometer (Kratos Analytical, AXIS-HS). Aqueous solutions of the polyelectrolyte at 50 mg/L (50 ppm) concentration were prepared by dilution of a 2.02 × 10 3 mg/L polyelectrolyte stock solution (with 0.1 mM KBr background electrolyte). Mica pieces were cleaved to obtain thin large sheets (5 × 2 cm) that were immersed in the polyelectrolyte solutions contained in TEFZEL test tubes for an equilibrating time of 18-24 h. At the end of this period the mica substrates were removed, and the excess solution was eliminated by a nitrogen jet. The mica sheets were then immersed for an 18-to 24-h period in SDS solutions at different concentrations. The respective SDS concentrations are reported as units (or multiples) of the surfactant cmc. The cmc for SDS in water is reported in different sources to be 8.1-8.3 mM (here we used the value 8.3 mM). The respective substrates were then quickly withdrawn from the TEFZEL tubes after the TEFZEL tubes were immersed in a large vessel filled with purified water.
Prior to its use, all glassware was left overnight in chromosulfuric acid followed by extensive rinsing with purified water. The TEFZEL test tubes used in the adsorption/desorption experiments were cleaned with SDS micellar solution followed by repeated ethanol and water washings.
The amount of polyelectrolyte adsorbed on mica was computed from the intensities of the N1s and K2p photoelectron signals, following the method of Herder et al. and Rojas et al. (33, 34) . In this method the number of exchangeable potassium (90-95%) and sodium (5-10%) ions located on the mica basal plane is used as an internal standard. This number corresponds to the negative aluminosilicate lattice charge on mica, which amounts to 2.1 × 10 18 charges per square meter (35) . The calculation is facilitated by the fact that potassium and sodium ions on the mica surface are completely exchanged for protons upon immersion into an aqueous solution. Ions situated in the mica crystal are not exchanged, because mica does not swell in water. In the quantification procedure it was assumed that the polyelectrolyte is uniformly adsorbed on the mica basal plane and that the nitrogen atoms of the polyelectrolyte are evenly distributed throughout the adsorbed layer.
The interaction forces between two surfaces immersed in the studied solutions were directly measured with the interferometric surface force apparatus (SFA) (36) using the Mark IV model (37) . At the beginning of each experiment, the freshly prepared mica surfaces were brought into contact in an atmosphere of air guaranteed dry by placing a clean beaker with P 2 O 5 in the sealed apparatus. Observation of good adhesive contact ensured that the surfaces were free from debris or contamination. After the surfaces were separated, the desiccant was taken out, and the apparatus was filled with water (deaerated for at least 1 h) and left to equilibrate for at least 1 h. A 10 mM KBr solution was injected with a syringe through a 0.2-µm PTFE filter to give a final 0.1 mM KBr concentration in the chamber. The presence of a double-layer force and a finite adhesion was used to check for the continuing absence of surface contamination on the bare mica surfaces.
In the adsorption experiments a small volume of concentrated polyelectrolyte (in pure water or KBr aqueous solution, depending on the experiment) was injected into the SFA apparatus through a 0.45-µm PTFE filter with a syringe and mixed thoroughly to obtain the desired final concentration. Whenever the polyelectrolyte was added, the surfaces were held widely separated (ca. 1-2 mm) to allow the polymer to freely diffuse into the gap and adsorb onto the mica surfaces. Adsorption equilibrium was presumed to be established after the adsorption was allowed to proceed overnight. In some experiments after equilibrium adsorption, the bulk polyelectrolyte solution was replaced with pure water (with repeating draining and refilling for 4-5 times) and eventually SDS aqueous solutions were injected at different concentrations to study the effect of surfactant concentration on the preadsorbed polyelectrolyte layer. All measurements were carried out at 22 ± 1
• C. Ellipsometry was performed with an automated thin-film ellipsometer (Rudolph, Model 436) controlled by a personal computer and using a xenon arc lamp filtered to allow light with a wavelength of 401.5 nm to pass. The adsorbed amount was calculated according to de Feijter (38) by using one-zone null ellipsometry and assuming a refractive index increment (dn/dc) of 0.15 for the studied polyelectrolyte.
The substrate was prepared from polished silicon wafers ( p-type, boron-doped, Okmetic, Finland) which were oxidized thermally in pure oxygen at 920
• C for 1 h, followed by annealing and cooling in flowing argon, which resulted in a 30-nm-thick oxide layer. The oxidized wafers were cut into slides and cleaned in a mixture of 25% NH 4 OH, 30% H 2 O 2 , and H 2 O (1 : 1 : 5, by volume) at 80
• C for 5 min, followed by a cleaning in a mixture of 30% HCl, 30% H 2 O 2 , and H 2 O (1 : 1 : 5, by volume) at 80
• C for 5 min. The slides were then rinsed twice with pure water and ethanol and kept in absolute ethanol until used. Prior to any experiment the slides were blown dry in a stream of nitrogen and plasma-cleaned for 2 min under vacuum using a radiofrequency glow discharge apparatus (Harrick, PDC 2XG). In a typical experiment a silica slide is placed inside a trapezoid quartz cuvette (Hellma), and after measurements in air and solvent, the polyelectrolyte is injected and the ellipsometric angles and are continuously monitored while a homogeneous agitation in the medium is ensured by a magnetic stirrer rotating at about 300 rpm. A peristaltic pump is then used to withdraw the bulk solution and subsequently inject water or SDS solutions.
RESULTS
The turbidity difference between 20 mg/L AM-MAPTAC-1 solutions mixed with various amounts of SDS and the corresponding polyelectrolyte-free SDS solution is illustrated in Fig. 2 . At low SDS concentrations, below ca. 0.1 unit of cmc, the presence of the polyelectrolyte results in a small increase in turbidity that is independent of the SDS concentration. A higher SDS concentration results in an increase in turbidity until a maximum is reached at 0.5 unit of cmc. A further increase in SDS concentration results in a rapid decrease in turbidity. Clearly, AM-MAPTAC-1 and SDS associate to form large aggregates in the SDS concentration range of 0.1 cmc < [SDS] < 1 cmc. Similar results have been presented for other polyelectrolytes, but with higher charge density (39) . In those studies it was shown that the complexes formed at SDS concentrations below the turbidity maximum are positively charged whereas those formed at higher concentrations are negatively charged. We note that the turbidity maximum becomes lower and moves to higher surfactant concentrations as the polymer charge density is decreased (39) . This reflects the fact that the association between polyelectrolytes and oppositely charged surfactants becomes more favorable as the charge density of the polyelectrolyte increases, i.e., the cac decreases.
The amount of AM-MAPTAC-1 adsorbed on mica and silica interfaces from aqueous 0.1 mM KBr solution was measured by XPS and ellipsometry, respectively. Detailed description of the adsorption isotherm and adsorption dynamics can be found elsewhere (40) . The adsorption isotherm was found to be of the high-affinity type, reaching a plateau value, or maximum adsorbed amount ( max ), at an AM-MAPTAC-1 concentration as low as 10 mg/L. The maximum adsorbed amount was found to be 2.5 mg/m 2 in both cases. The interaction forces between mica surfaces immersed in an aqueous solution containing polyelectrolyte at a concentration of 50 mg/L (in 0.1 mM KBr) are shown in Fig. 3 . Also included in this figure are the corresponding forces between mica surfaces precoated with a layer of AM-MAPTAC-1 across water (obtained after rinsing and replacing the surrounding polyelectrolyte solution by water). It is readily evident that the interaction forces are dominated by a steric repulsion. The onset of the repulsive force between mica surfaces with adsorbed polyelectrolyte across polyelectrolyte solution and across water (upon rinsing and replacement of polyelectrolyte solution by pure water) is about 80 nm in both cases. At shorter distances the shapes of the force-distance profiles are different with a significantly stronger repulsion after dilution with pure water compared to the 50 mg/L AM-MAPTAC-1 solution containing 0.1 mM KBr. The drastic influence of the solution ionic strength on the interaction forces in this system has already been noted (40) . It should be emphasized that when the polyelectrolyte is adsorbed from pure water, rather than from 0.1 mM KBr, the forces are rather similar to those observed after first adsorbing the polyelectrolyte from 0.1 mM KBr and then diluting with pure water (40) . Even though dilution with water produces drastic changes in the configuration of the adsorbed layer, the total adsorbed amount (see ellipsometric results below) remains unaltered, and therefore there is no desorption of the polyelectrolyte from the solid-liquid interface.
The amount adsorbed after immersion at mica sheets with preadsorbed polyelectrolyte (from aqueous 0.1 mM KBr solutions with 50 mg/L of AM-MAPTAC-1) in SDS solutions at various concentrations, as determined by XPS, is shown in Fig. 4 . No desorption is observed at low SDS concentrations (lower than ca. 0.1 unit of cmc, i.e., 0.83 mM) but as the surfac- tant concentration is increased to ca. 0.1 unit of cmc or higher, a monotonic reduction of the adsorbed amount with increasing surfactant concentration takes place. This result is rather different from that reported for desorption of lysozyme by SDS (32) . No lysozyme is desorbed until the SDS concentration is about 0.75 unit of cmc, and all lysozyme is removed from the mica surface at the cmc. The cooperative desorption of lysozyme by SDS is likely to be related to surfactant-induced structural changes (denaturation) of the protein.
It is seen that about 0.3 mg/m 2 of polyelectrolyte remains adsorbed upon immersion of mica carrying the preadsorbed polyelectrolyte in a SDS solution at a concentration of 2 units of cmc (16.6 mM). Complete removal of the polyelectrolye from the mica surface is expected if SDS solutions with higher concentrations are used. It is seen from Fig. 4 that the addition of NaCl to the solution, instead of SDS, also leads to desorption. However, higher concentrations of NaCl are needed to induce desorption. Hence, the molecular mechanisms leading to desorption are different when an ionic surfactant is added than when an inorganic salt is used as a displacer. This will be discussed further below.
Ellipsometric measurements were performed to study the adsorption behavior on silica surfaces. First, AM-MAPTAC-1 was allowed to adsorb on silica surfaces under conditions similar to those used in XPS and surface force experiments using mica surfaces (from a 50 mg/L polyelectrolyte solution in aqueous 0.1 mM KBr). The polyelectrolyte adsorbed amount on silica is about 2.5 mg/m 2 , in agreement with previously reported experiments (40) . After about 2 h, pure water was injected in order to completely replace the bulk solution containing polyelectrolyte and KBr. The adsorbed layer was continuously monitored for about an additional 2 h. As seen in Fig. 5 , a small dip in the ellipsometric adsorbed amount curve is produced upon replacement of polyelectrolyte solution with pure water. This behavior can be explained by small temperature changes and by stresses that could lead to small changes in the birefringence of the cuvette walls during the experiments. However, after the new equilibrium has been established it is seen that the adsorbed amount remains the same as before dilution.
Addition of SDS to the system produces a drastic reduction in the adsorbed amount. A reduction to 1.6 mg/m 2 (about 40%) is observed when the SDS concentration in solution is 0.5 unit of cmc. This result is similar to that found on mica employing the XPS technique. Additional injection of SDS up to a concentration of 2 units of cmc produces a further reduction of the adsorbed amount to 0.9 mg/m 2 (about 65% lower than the initial value). XPS measurements on mica (under the same conditions) indicate an adsorbed amount of 0.3 mg/m 2 , which is considerably lower than the ellipsometric value. One reason for this observation is that with XPS only the polyelectrolyte is detected, whereas with ellipsometry both the surfactant and the polyelectrolyte in the adsorbed layer contribute to the adsorbed amount. Furthermore, in case the polyelectrolyte is weakly attached to the mica surface (particularly important at high SDS concentrations) an additional removal of polyelectrolyte may occur during sample preparation for XPS measurements. This is due to high shear forces when the surface is removed from the solution and dried with a nitrogen jet.
Surface force measurements reveal important changes upon addition of SDS to the solution surrounding a preadsorbed layer of polyelectrolyte on mica. Figure 6 shows the force-distance profiles obtained after replacement of the bulk solution (50 mg/L AM-MAPTAC-1 in aqueous 0.1 mM KBr) with pure water and subsequent addition of SDS at various concentrations (0.1, 0.3, 0.75, 1, and 2 units of cmc). In all cases a steric force showing no hysteresis between approach and separation was observed.
FIG. 5.
Effect of SDS on the adsorbed amount of AM-MAPTAC-1 on silica studied by ellipsometry. AM-MAPTAC-1 (50 mg/L solution) was first allowed to adsorb from aqueous 0.1 mM KBr solution. After equilibration, the bulk solution was replaced with pure water, and subsequently SDS solution was injected into the cuvette up to a concentration of 0.5 unit of cmc. After equilibration, the SDS concentration was raised to 2 units of cmc. A reduction of the repulsive forces is observed as the surfactant concentration is increased. However, this reduction is very small for surfactant concentrations of 0.1 units of cmc or less, but it becomes appreciable at higher surfactant concentrations. In pure water, the onset of the repulsion force occurs at a surface separation of about 80-90 nm, whereas in concentrated surfactant solution (2 units of cmc) this distance is shortened by about half its original value. A similar trend is observed for the separation distance at high force load. These observations, together with XPS and ellipsometry measurements, are rationalized in terms of the desorption of the polyelectrolyte from the solid surface accompanied by a reduction in the adsorbed layer thickness.
DISCUSSION
The reader is referred to Ref. (40) for a thorough discussion of the interaction forces between mica surfaces coated with AM-MAPTAC-1. Nevertheless, it is convenient to appreciate that the polyelectrolyte conformation at the solid surface is governed by long loops and tails which give rise to a force-distance profile dominated by a long-range steric repulsion (see Fig. 3 ). The implication of this conformation and the fact that the investigated polyelectrolyte has very low cationicity are relevant to the desorption phenomena observed upon addition of SDS as discussed below.
It was previously observed that an increase in the ionic strength was responsible for the desorption of AM-MAPTAC-1 by the addition of NaCl (40) . In the present case it is evident that desorption occurs when the surfactant concentration is increased, (see Figs. 4 and 5) , and the surfactant is more effective in removing the polyelectrolyte from the surface than NaCl (see Fig. 4) . Furthermore, the range of the steric forces and the mean adsorbed layer thickness show different trends depending on whether NaCl or SDS is added to the solution. When NaCl is added, the ellipsometric thickness and the range of the steric force increase as a result of the decreased electrostatic attraction between the polyelectrolyte and the surface (40) . On the other hand, the range of the steric force decreases as SDS is added (see Fig. 6 ), and the same trend is shown for the ellipsometric thickness at high SDS concentrations (data not shown). These observations suggest that the addition of surfactant at high concentrations affects the adsorbed layer in a different manner than the addition of inorganic electrolytes. In both cases the electrostatic attraction between the polyelectrolyte and the surface is screened by the increased ionic strength. However, in addition to this, there is an association between the polyelectrolyte and surfactant molecules at the solid-liquid interface, presumably driven by hydrophobic interactions. It seems that when the surfactant concentration is 0.1 units of cmc, or higher, a sufficient amount of SDS is incorporated in the adsorbed layer to affect both the adsorbed amount and the range of the steric force; the adsorbed amount decreases and the remaining layer becomes less extended. When the turbidity of AM-MAPTAC-1 solutions is studied as a function of SDS concentration (see Fig. 2 ), it is noted that the turbidity starts to increase at about the same surfactant concentration, indicating formation of large bulk aggregates. Similarly to what happens in the bulk solution, the surfactants incorporated in the adsorbed layer should be able to serve as connecting links between adsorbed polyelectrolyte chains.
We postulate that these surfactant-mediated links are the ones that prevent the polyelectrolyte layer from swelling. In this respect the results are consistent with those reported by Anthony et al. (31) , but opposite to those reported by Shubin (11) and by Claesson et al., who employed polyelectrolytes of higher charge density (17, 18, 20, 21) . In these latter cases the adsorbed layer is thin and compact whereas for the low-charge-density case the adsorbed layer is dominated by extended loops and tails. Finally we note that for this low-charge-density polyelectrolyte it appears that association with SDS occurs approximately as easily at the solid/liquid interface as it does in bulk solution, which is a consequence of the presence of large loops and tails.
The cac in bulk solution decreases with increasing polyelectrolyte charge density. However, this is not always the case for the critical association concentration at a solid surface, cac s . This latter quantity is a very important parameter, e.g., for detergency applications and for fundamental association phenomena in the vicinity of surfaces. From studies employing similar polyelectrolytes (AM-CMA and AM-MAPTAC copolymers), the effect of the charge density on the cac s is evident. For instance, the values deduced for polyelectrolytes of 100, 30, and 10% charge density adsorbed on mica surfaces are approximately 0.1 (17), 0.005-0.05 (21) , and 0.02 unit of cmc (20) , respectively. In all cases the cac s was identified from the occurrence of a drastic expansion of the adsorbed layer and a much more long-ranged force-distance profile. In the present case the effect of SDS addition is less drastic, but the data suggest that cac s is about 0.1 units of cmc. The unexpected result, at first, in this series is the high cac s value found for the 100% charged polyelectrolyte. This is likely due to the very thin adsorbed layer formed by this polyelectrolyte (17) . The trend cmc > cac s > cac b is generally observed. The difference between the association concentration in bulk and at the surface is found to be largest for the most charged polyelectrolyte. There are several reasons that account for this difference. First, the polyelectrolyte at the surface is less flexible than the polyelectrolyte in bulk solution. Second, fewer polyelectrolyte charges are available for the surfactant to bind to since most of the charged polyelectrolyte segments are in close contact with the negatively charged surface. Third, in bulk solution the counterion entropy increases when polyelectrolytes associate with surfactants. On the other hand, association at an uncharged polyelectrolyte coated surface results in a decrease in counterion entropy, due to the recharging of the surface that confines the counterions in the diffuse electrical double layer. No similar restriction of the counterion distribution results when uncharged polyelectrolyte-surfactant complexes are formed in bulk solution. Finally, we note that the value of cac s is expected to depend on the nature of the solid surface as well as on the polyelectrolyte, the surfactant, and the ionic strength of the solution.
The desorption of copolymers of AM and MAPTAC of 30% charge density after addition of SDS, at a concentration of about 50 times higher than the corresponding cac s , has been documented in the literature (21) . The desorption was inferred from surface force measurements which indicated a thinner compressed layer when SDS was present in solution at a concentration of 0.2 unit of cmc or higher. The desorption was confirmed by XPS measurements. It is therefore well justified to conclude that AM-MAPTAC-1 is more easily removed from the surface than by AM-MAPTAC-30 when SDS is used. It seems likely that this is a general trend: i.e., a more strongly charged polyelectrolyte is more difficult to remove from an oppositely charged surface by addition of surfactant of the same charge as the surface. However, more experimental evidence is needed to confirm this hypothesis.
CONCLUSIONS
We have shown that low-charge-density polyelectrolytes preadsorbed on surfaces of opposite charge are partially desorbed by the addition of ionic surfactants with the same charge as the surface. The SDS concentration at which AM-MAPTAC-1 starts to desorb is about 0.1 unit of the cmc. The extent of the desorption increased with increasing surfactant concentration, and the surfactant was a significantly more effective displacer than an inorganic salt. It was observed that the layer became less extended at higher surfactant concentrations. This is clearly different when more strongly charged polyelectrolytes are adsorbed to the surface, or when inorganic salts are added for desorbing AM-MAPTAC-1. In these cases the adsorbed layer is found to swell significantly before the polyelectrolyte is desorbed. The association between SDS and AM-MAPTAC-1 appears to occur at about the same surfactant concentration in bulk solution and at a negatively charged surface.
The effectiveness of the surfactant in desorbing the lowcharge-density polyelectrolyte, AM-MAPTAC-1, compared for example, to the more highly charged analogue, AM-MAPTAC-30, is explained by the lower electrostatic affinity to the surface. The comparatively low surface affinity also results in a surface conformation of AM-MAPTAC-1 that is dominated by long loops and tails (as demonstrated by surface force measurements) whereas the train fraction dominates in more highly charged polyelectrolytes.
